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TRACKING CELLS FOR A MEMORY 
SYSTEM 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
The present invention is directed to technology for read 

ing memory devices. 
2. Description of the Related Art 
Semiconductor memory devices have become more popu 

lar for use in various electronic devices. For example, 
non-volatile semiconductor memory is used in cellular tele 
phones, digital cameras, personal digital assistants, mobile 
computing devices, non-mobile computing devices and 
other devices. Electrical Erasable Programmable Read Only 
Memory (EEPROM) and ?ash memory are among the most 
popular non-volatile semiconductor memories. 

Both EEPROM and ?ash memory utiliZe a ?oating gate 
that is positioned above and insulated from a channel region 
in a semiconductor substrate. The ?oating gate is positioned 
betWeen source and drain regions. A control gate is provided 
over and insulated from the ?oating gate. The threshold 
voltage of the transistors is controlled by the amount of 
charge that is retained on the ?oating gate. That is, the 
minimum amount of voltage that must be applied to the 
control gate before the transistor is turned on to permit 
conduction betWeen its source and drain is controlled by the 
level of charge on the ?oating gate. 
Many EEPROMs and ?ash memories have a ?oating gate 

that is used to store tWo ranges of charges and, therefore, the 
memory cell can be programmed/erased betWeen tWo states. 
Such memory cells store one bit of data. Other EEPROMs 
and ?ash memory cells store multiple ranges of charge and, 
therefore, such memory cells can be programmed to mul 
tiple states. Such memory cells store multiple bits of data. 
The siZe and parameters of the threshold voltage WindoW 
depends on the device characteristics, operating conditions 
and history. 

Conventional EEPROMs and ?ash memories can expe 
rience endurance related stress each time the device goes 
through an erase and program cycle. The endurance of a 
?ash memory is its ability to Withstand a given number of 
program and erase cycles. With use, defects tend to build up 
in the memory device and may eventually render the device 
unreliable. One physical phenomenon limiting the endur 
ance of prior ?ash memory devices is the trapping of 
electrons in the active dielectric betWeen the ?oating gate 
and the substrate. During programming, electrons are 
injected from the substrate to the ?oating gate through the 
dielectric. Similarly, during erasing, electrons are extracted 
from the ?oating gate through the dielectric. In both cases, 
electrons can be trapped by the dielectric. The trapped 
electrons oppose the applied electric ?eld and subsequent 
program/erase cycles, thereby causing the programmed 
threshold voltage to shift to a loWer value and the erased 
threshold voltage to shift to a higher value. This can be seen 
in a gradual closure of the voltage WindoW betWeen the 
programmed and erased states. If program/erase cycling is 
continued, the device may eventually experience cata 
strophic failure. This problem is even more critical if multi 
state memory is implemented, since more accurate place 
ment of the threshold voltage is demanded. 
A second problem pertains to charge retention on the 

?oating gate. For example, negative charge on the ?oating 
gate tends to diminish someWhat through leakage over a 
period of time. This causes the threshold voltage to shift to 
a loWer value over time. Over the lifetime of the device, the 
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2 
threshold voltage may shift as much as one volt or more. In 
a multi-state device, this could shift the memory cell by one 
or tWo states. 

A third problem is that the program/erase cycles may not 
be performed evenly for the cells in the memory device. For 
example, it is not uncommon that a repetitive pattern may be 
programmed continuously into a set of memory cells. There 
fore, some cells Will constantly be programmed and erased 
While other cells Will never or rarely be programmed. Such 
uneven programming and erasing causes non-uniform stress 
conditions for the cells in a particular sector. Non-uniformity 
of the program/erase cycling histories can result in a Wider 
distribution of threshold voltages for any particular given 
state. In addition to Widening the threshold distributions, 
certain cells may reach closure of the voltage WindoW, 
device failure or charge retention issues earlier than others. 

SUMMARY OF THE INVENTION 

The present invention, roughly described, pertains to 
tracking cells used to improve the read process of a memory 
system. In different embodiments, the tracking cells can be 
used as part of a data recovery operation, to provide an alarm 
indicating quality issues With the data and/or as a means to 
store an indication of hoW data is encoded in the memory. In 
one embodiment, the tracking cells are only used for data 
recovery if an Error Correction Code (“ECC”) process is 
unable to correct an error in the data. 
One embodiment of the present invention includes read 

ing data stored in a memory system that includes a set of 
storage elements. The storage elements include data storage 
elements and tracking storage elements. The data storage 
elements are capable of storing rotatably encoded data in a 
set of multiple states. The tracking storage elements are read 
and categorized into tracking states. The tracking states 
correspond to a subset of the multiple states utiliZed by the 
data storage elements. A rotation scheme (i.e. the particular 
rotation encoding of choice) is determined based on the 
categorizing of the tracking storage elements. Some or all of 
the data storage elements are read using the determined 
rotation scheme. In one example of an implementation, the 
determining of the rotation scheme includes combining 
categoriZations of tWo or more non-redundant tracking stor 
age elements to create an identi?er that is combined With 
other non-redundant identi?ers to indicate the rotation 
scheme. 
Another embodiment of the present invention includes 

performing multiple read operations for the tracking cells 
and recording error information during those read opera 
tions. A quality gauge is determined based on the recorded 
error information. If the quality gauge satis?es predeter 
mined criteria, then a predetermined response is performed. 
The quality gauge can include an alarm if a predetermined 
number of tracking storage elements have errors, if a pre 
determined number of tracking cells have a threshold volt 
age that varies from an expected value by at least a prede 
termined value, or if a progressive set of error thresholds 
(e.g. di?ferent error levels over time) are exceeded. 
Examples of responses include aborting a read process, 
changing the parameters of an ECC operation and/or com 
mencing a data recovery operation. 
Some embodiments of the present invention include per 

forming multiple read operations for each state of a subset 
of storage element states. The storage element states repre 
sent different data values for multi-state storage elements in 
the memory system. A current set of compare values for 
distinguishing each of the storage element states is then 
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determined based on the results of the multiple read opera 
tions. One example of an implementation includes perform 
ing read operations on a ?rst set of tracking storage elements 
for multiple threshold voltage levels associated With a ?rst 
state, determining threshold voltage levels for the ?rst set of 
tracking storage elements based on the step of performing 
read operations on the ?rst set of the storage elements, 
performing read operations on a second set of tracking 
storage elements for multiple threshold voltage levels asso 
ciated With a second state, determining threshold voltage 
levels for the second set of tracking storage elements based 
on the step of performing read operations on the second set 
of tracking storage elements, and modifying existing read 
compare values based on the determined threshold voltage 
levels for the ?rst and the second states, With the ?rst state 
and the second state not being adjacent to each other. 

The various read operations can be in response to a host 
device requesting data or as part of an internal operation 
(e.g. copy data to another location, garbage collection, etc.). 
One implementation of the present invention includes a 

set of storage elements and a controller circuit. The storage 
elements include multi-state data storage elements and 
tracking storage elements. The tracking storage elements use 
a subset of the multiple states used by the data storage 
elements. The controller circuit is in communication With 
the tracking storage elements and is capable of causing a 
performance of the functions described herein. The memory 
system can be an EEPROM memory system, a ?ash memory 
system or other suitable types of memory systems. In one 
implementation, the controller circuit includes customiZed 
hardWare for accomplishing the described functions. In 
another implementation, the controller is programmed to 
perform the described functions. For example, softWare/ 
?rmware can be stored on one or more processor readable 

storage media (e.g., ?ash memory, EEPROM, DRAM, and 
other mediums) in order to program the controller. 

In one exemplar implementation, the data storage ele 
ments utiliZe eight threshold voltage states (state 0, state 1, 
state 2, state 3, state 4, state 5, state 6 and state 7) and the 
tracking storage elements use states 1 and state 6. Tracking 
storage elements are grouped as pairs to establish a bit of a 
rotation code. Three bits establish the rotation code. Mul 
tiple sets of three pairs (e.g. four sets) can be used for 
redundancy. 

These and other objects and advantages of the present 
invention Will appear more clearly from the folloWing 
description in Which the preferred embodiment of the inven 
tion has been set forth in conjunction With the draWings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a block diagram of a ?ash memory system 
utiliZing one embodiment of the present invention. 

FIG. 2 is a plan vieW of one embodiment of a portion of 
the memory cell array of the system of FIG. 1. 

FIG. 3 is a partial cross-sectional vieW of the memory cell 
array of FIG. 2 taken at section AiA. 

FIG. 4 is an electrical equivalent circuit to the structure of 
FIG. 3. 

FIG. 5 is a table providing example voltages for one Way 
to operate the memory cells. 

FIG. 6 depicts a state space for one embodiment of the 
present invention. 

FIG. 7 depicts an example of logical state assignments. 
FIG. 8 depicts an example of physical to logical state 

assignment for different rotation encoding schemes. 

20 

25 

30 

35 

40 

45 

50 

55 

60 

65 

4 
FIG. 9 is a data map depicting user data and overhead data 

associated With one embodiment of the present invention. 
FIG. 10 describes an example of assignments of tracking 

cell data patterns to rotation schemes. 
FIG. 11 is a ?oW chart describing one embodiment of a 

method for Writing data. 
FIG. 12 is a ?oW chart describing one embodiment of a 

method for reading data. 
FIG. 13 is a table that can be used to determine a state of 

a cell during a read operation. 
FIG. 14 is a ?oW chart describing one embodiment of a 

method for determining a rotation scheme. 
FIG. 15 is a ?oW chart describing one embodiment of a 

method for processing tracking cells. 

DETAILED DESCRIPTION 

I. Memory System 
An example memory system incorporating the various 

aspects of the present invention is generally illustrated in the 
block diagram of FIG. 1. Architectures other than that of 
FIG. 1 can also be used With the present invention. A large 
number of individually addressable memory cells 11 are 
arranged in an array of roWs and columns. Bit lines, Which 
extend along columns of array 11, are electrically connected 
With bit line decoder, driver and sense ampli?ers circuit 13 
through lines 15. Word lines, Which extend along roWs of 
array 11, are electrically connected through lines 17 to Word 
line decoders and drivers circuit 19. Steering gates, Which 
extend along columns of memory cells in array 11, are 
electrically connected to steering gate decoders and drivers 
circuit 21 through lines 23. Each of the circuits 13, 19 and 
21 receives addresses from controller 27 via bus 25. The 
decoder and driving circuits 13,19 and 21 are also connected 
to controller 27 over respective control and status signal 
lines 29, 31 and 33. Voltages applied to the steering gates 
and bit lines are coordinated through bus 22 that intercon 
nects the controller and driver circuits 13 and 21. 

Controller 27 is connectable through lines 35 to a host 
device (not shoWn). The host may be a personal computer, 
notebook computer, handheld device, digital camera, audio 
player, cellular telephone or various other devices. The 
memory system of FIG. 1 can be implemented in a card 
according to one of several existing physical and electrical 
standards, such as one from the PCMCIA, the Compact 
FlashTM Association, the MMCTM Association, Smart 
Media, Secure DigitalTM, Memory Stick and others. When in 
a card format, the lines 35 terminate in a connector on the 
card Which interfaces With a complementary connector of 
the host device. Alternatively, the memory system of FIG. 1 
can be embedded in the host device. In yet another altema 
tive, controller 27 can be embedded in the host device While 
the other components of the memory system are on a 
removable card. In other embodiments, the memory system 
can be in packaging other than a card. For example, the 
memory system can be in one or more integrated circuits, or 
one or more circuit boards or other packages. 

Decoder and driver circuits 13, 19 and 21 generate 
appropriate voltages in their respective lines of array 11, as 
addressed over the bus 25, according to control signals in 
respective control and status lines 29, 31 and 33 to execute 
programming, reading and erasing functions. Status signals, 
including voltage levels and other array parameters, are 
provided by array 11 to controller 27 over the same control 
and status lines 29, 31 and 33. Aplurality of sense ampli?ers 
Within the circuit 13 receive current or voltage levels that are 
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indicative of the states of addressed memory cells Within 
array 11. The sense ampli?ers provide controller 27 With 
information about the states of the memory cells over lines 
41 during a read operation. A large number of sense ampli 
?ers are usually used in order to be able to read the states of 
a large number of memory cells in parallel. 

II. Memory Cell 
FIG. 2 is a plan vieW of a ?rst embodiment of a portion 

of memory array 11. FIG. 3 is a partial cross-sectional vieW 
of the memory array taken at Section AiA. The substrate 
and conductive elements are illustrated With little detail of 
dielectric layers that exist therebetWeen. This simpli?es the 
?gures, hoWever, it Will be understood that appropriate oxide 
layers are to be included betWeen the conductive layers 
themselves, and the conductive layers and the substrate. 
A silicon substrate 45 includes a planar top surface 47. 

Elongated di?fusions 49, 51 and 53 are formed into the 
substrate 45 through the surface 47 by an initial ion implan 
tation and subsequent diffusion. Elongated dilfusions 49, 51 
and 53 serve as sources and drains of the memory cells. In 
order to provide a convention for this description, the 
di?fusions are shoWn to be spaced apart in a ?rst “X” 
direction, With lengths extending in a second “y” direction. 
These “X” and “y” directions are essentially orthogonal With 
each other. A number of ?oating gates are included across 
the substrate surface 47, With suitable gate dielectric ther 
ebetWeen, in an array of roWs and columns. One roW of 
?oating gates 55, 56, 57, 58, 59, 60 is adjacent to and parallel 
With another roW of ?oating gates 62, 63, 64, 65, 66, 67. A 
column of ?oating gates 69, 55, 62, 71 and 73 is adjacent to 
and parallel With a column of ?oating gates 75, 56, 63, 77 
and 79. The ?oating gates are formed from a ?rst layer of 
conductively doped polycrystalline silicon (“polysilicon”) 
that is deposited over the surface and then separated by 
etching using one or more masking steps into the individual 
?oating gates. 

Bit line decoder and driver circuit 13 (See FIG. 1) is 
connected through lines 15 With all of the bit line source/ 
drain dilfusions of the array, including the dilfusions 49, 51 
and 53 of FIGS. 2 and 3. The sources and drains of columns 
of individual memory cells are connected to proper operat 
ing voltages for either reading or programming in response 
to addresses supplied over bus 25 and control signals over 
the lines 29. 

The structure of FIGS. 2 and 3 uses one steering gate for 
every tWo columns of ?oating gates. Steering gates 81, 83 
and 85 are elongated in the “y” direction and have a Width 
in the “X” direction that eXtends across tWo adjacent col 
umns of ?oating gates and a source/drain diffusion that is 
positioned in betWeen them. The space betWeen any tWo of 
the steering gates is at least as great as the space in the “X” 
direction betWeen adjacent columns of ?oating gates that are 
overlaid by the tWo steering gates, in order to alloW a gate 
to be later formed at the substrate in this space. The steering 
gates are formed by etching a second layer of conductively 
doped polysilicon that is deposited over the entire surface 
over the ?rst polysilicon layer and an appropriate inter 
polysilicon layer dielectric. Steering gate decoder and driver 
circuit 21 (see FIG. 1) connects though lines 23 to all the 
steering gates and is able to individually control their 
voltages in response to addresses provided on the bus 25, 
control signals on the lines 33, and data from drivers and 
sense ampli?ers 13. 
Word lines 91, 92, 93, 94 and 95 of FIGS. 2 and 3 are 

elongated in the “X” direction and eXtend over the steering 
gates With spaces betWeen them in the “y”-direction that 
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6 
places each Word line in alignment With a roW of ?oating 
gates. The Word lines are formed by etching a third layer of 
conductively doped polysilicon that is deposited over the 
entire surface on top of a dielectric that is ?rst formed over 
the second polysilicon layer and regions eXposed betWeen 
the steering gates. The Word lines alloW selection of all the 
memory cells in its roW for reading or Writing. Select gate 
decoder and driver circuit 19 (see FIG. 1) is connected With 
each Word line in order to individually select one roW of the 
memory array. Individual cells Within a selected roW are 
then enabled for reading or Writing by the bit line and 
steering gate decoder and driver circuits 13 and 21 (see FIG. 
1). 
Although the gates in the foregoing structure are prefer 

ably made of doped polysilicon material, other suitable 
electrically conductive materials may be used in place of one 
or more of the three polysilicon layers described. The third 
layer, for eXample, from Which the Word lines and select 
gates are formed, may be a polycide material, Which is 
polysilicon With a conductive refractory metal silicide on its 
top, such as tungsten, in order to increase its conductivity. 
Polycides are generally not used in place of either the ?rst 
or second polysilicon layers because the quality of inter 
polycrystalline-silicon oXides formed from a polycide is 
usually not satisfactory. 
Not shoWn in FIGS. 2 and 3 are the metal conductor 

layers. Since the di?fusions and polysilicon elements usually 
have a conductivity that is signi?cantly less than that of 
metal, metal conductors are included in separate layers With 
connections made to respective metal lines through any 
intermediate layers at periodical intervals along the lengths 
of the polysilicon elements and di?‘usions. Since all of the 
di?fusions and polysilicon elements of the embodiment of 
FIGS. 2*3 need to be separately driven, there is typically a 
one-to-one correspondence betWeen the number of these 
metal lines and the number of dilfusions and polysilicon 
elements. 

FIG. 4 depicts an electrically equivalent circuit to the 
structure of FIG. 3, Where equivalent elements are identi?ed 
by the same reference numbers as in FIGS. 2 and 3, but With 
a prime (') added. The illustrated structure shares the source 
and drain dilfusions With a neighboring structure. Conduc 
tion through the channel in the substrate betWeen the adja 
cent dilfusions 49 and 51 is controlled by different gate 
elements in three different regions. A ?rst region to the left 
(T1-left) has the ?oating gate 56 immediately above it and 
the steering gate 81 capacitively coupled With it. A second 
region to the right (T1-right) is controlled in a similar 
manner by the ?oating gate 57 and the steering gate 83. A 
third region T2, betWeen T1-left and T1-right, is controlled 
by select gate 99 that is part of Word line 92. 
The level of conduction of electrons through the channel 

betWeen dilfusions 49 and 51 is thus affected by the electric 
?elds imparted by these different gate elements to their 
respective channel regions by the voltages placed on the 
gates. The voltage on a ?oating gate is dependent upon the 
level of net electrical charge it carries plus all displacement 
charge that is capacitively coupled from other gates and 
nodes. The level of conduction that is permitted through the 
channel portion under a ?oating gate is controlled by the 
voltage on that ?oating gate. The voltage on select gate 99 
simply turns the channel on and off to any conduction in 
order to select individual cells for connection With their 
source/drain regions. In one embodiment, an individual 
memory cell can be considered as a series connection of 
three transistors, one for each of the three different regions 



US 7,237,074 B2 
7 

(Tl-left, T2, Tl-Right) of the channel. In other embodi 
ments, each ?oating gate can be considered a memory cell. 
One of the tWo ?oating gates of a single memory cell is 

selected for programming or reading by placing a voltage on 
the steering gate above the other (non-selected) ?oating gate 
of the cell that is su?icient to cause the channel region under 
the other ?oating gate to become adequately conductive no 
matter What charge (Which is related to its state) is carried by 
that other ?oating gate. When that cell’s select transistor is 
turned on by a su?icient voltage applied to its Word line, it 
is only the selected ?oating gate that responds to reading or 
programming operations directed to the cell. During a read 
ing of the state of the one ?oating gate, current through the 
cell betWeen its source and drain is then dependent upon the 
charge carried by the selected ?oating gate Without regard to 
the charge on the other ?oating gate. Although the voltage 
placed on the steering gate over the non-selected ?oating 
gate to render the channel portion under the non-selected 
?oating gate conductive is also coupled to an adjacent 
?oating gate of an adjacent cell through the same steering 
gate, impact on the adjacent cell is avoided by placing 
proper voltage conditions on the other elements of the 
adjacent cell. 

The ?oating gates of the embodiment of FIGS. 244 are 
preferably programmed by placing voltages on its bit lines 
(source and drain dilfusions) and its tWo steering gates that 
cause electrons to obtain enough energy in the substrate 
channel region to be injected across the gate dielectric onto 
the selected ?oating gate. A preferred technique for this is 
“source side injection,” described in the Us. Pat. Nos. 
5,313,421 and 5,712,180, both of Which are incorporated 
herein by reference in their entirety. 

In order to erase the memory cells of the embodiment of 
FIGS. 244, they may be designed and operated so that 
electrons are removed from the selected ?oating gates to 
either the channel or the select gate of the Word line. If 
erased to the select gate, the dielectric betWeen ?oating gate 
edge 103 and select gate 99 is preferably a thin layer of oxide 
that has been groWn on the ?oating gate edge and through 
Which electrons tunnel When appropriate voltages are placed 
on the various elements of the cell. The same is provided 
betWeen ?oating gate edge 105 and select gate 99. When 
designed to be erased to select gate 99, care is taken to make 
sure that a resulting voltage gradient across the gate dielec 
tric betWeen the select gate and substrate surface 47 remains 
su?iciently beloW a breakdown level of that dielectric. This 
is a concern because the Word line is typically raised to a 
level in excess of 10 volts and sometimes to 20 volts or more 
during erase, While other voltages applied to the cell are 
usually 5 volts or less. The voltage gradient across the select 
gate dielectric can be reduced by making it thicker or 
selected to have a dielectric constant that is higher than 
normally used but that can adversely affect operation of the 
select transistor. 

If the cells are to be erased to the channel, the embodiment 
of FIGS. 244 is modi?ed someWhat. First, the dielectric 
betWeen select gate 99 and the adjacent ?oating gate edges 
103 and 105 is made to be thicker to prevent erasing of the 
?oating gates to the select gate. Second, the thickness of the 
gate dielectric betWeen an underside of the ?oating gates and 
the substrate surface 47 is made thinner, such as about 100 
Angstroms, to facilitate electrons tunneling through it. 
Third, the cells to be simultaneously erased as a block are 
grouped together along columns or Within blocks. In one 
embodiment, a block is isolated on the substrate from other 
blocks. This is typically done by a triple Well process, Where 
an n-Well is formed in a p-substrate, and a p-Well carrying 
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the block of cells is positioned Within the n-Well that isolates 
the block from others. An appropriate erase voltage is then 
applied to the p-Wells of the blocks to be erased, While other 
blocks are not affected. 

More details about the structures of FIGS. 145 can be 
found in Us. Pat. No. 6,151,248, Which is incorporated 
herein by reference in its entirety. The memory structure of 
FIGS. 244 is one example of a suitable memory cell. Other 
structures can also be used to implement the present inven 
tion. For example, one embodiment can use a multi-layer 
dielectric that includes a charge storing dielectric. 

III. Memory Array Operation 
Example operating voltages to program, read and erase 

the memory cells of array 11 are provided in the table of 
FIG. 5. Line (2) pertains to the operation of the type of cells 
that are erased to the select gates (Word lines), While line (8) 
shoWs a modi?cation for operating the type of cells that are 
erased to the substrate. In these examples, the substrate 
portion in Which the cells are formed contains p-type doping 
and the bit line dilfusions are of n-type. The substrate is held 
at ground potential throughout these operations. 

In line (1) of the FIG. 5 table, the voltage conditions are 
given for a roW that is not selected. The Word line of an 
unselected roW is placed at ground potential by driver circuit 
19 (FIG. 1). The “X” in the columns for the bit lines 
(dilfusions) and steering gates of cells along an unselected 
roW indicates that the voltages on those elements do not 
matteria “don’t care” situation. Since there are no negative 
voltages generated by any of the circuits 13, 19 and 21 for 
elements of the array, in this example, a Zero voltage on the 
select gates of a roW assures that none of the cells along that 
roW are enabled. No current can ?oW through their channels. 
Programming or reading of other cells in the same columns 
of a different roW can take place without affecting the roW 
having a Zero voltage on its Word line. 
The second line (2) of the table provides an example set 

of voltages for erasing the type of cells designed to be erased 
to the Word line’s select gate. A high erase voltage VE in a 
range of 10425 volts (eg 20 volts) is applied by driver 
circuits 19 to all the Word lines Whose ?oating gates are to 
be erased. This is usually at least one de?ned block of cells 
including all cells in a large number of contiguous roWs. 
HoWever, in applications Where it is preferred, feWer or 
more cells may be simultaneously erased. The erase block 
can, alternatively, even be limited to a single roW of cells. 
The steering gates of the cells along the one or more selected 
roWs are set to a loW voltage by the driving circuit 21 (e.g., 
Zero volts) in order to maintain, by the high degree of 
capacitive coupling betWeen the steering and ?oating gates, 
the voltage of the ?oating gates at a loW level. The resulting 
potential difference betWeen the ?oating gates and their 
respective select gates (Word lines) causes electron tunneling 
through the intermediate dielectric. More information about 
erasing is found in Us. Pat. No. 5,270,979, incorporated 
herein by reference. 

Lines (3) and (4) in the table of FIG. 5 provide example 
voltages for reading the state of the tWo ?oating gates of a 
memory cell: line (3) for the left ?oating gate and line (4) for 
the right ?oating gate. In each case, the cell is enabled by the 
select gate being raised to a voltage VSR su?icient to turn on 
the cell’s select transistor to enable current to ?oW through 
the channel. This voltage is typically one volt higher than the 
threshold of the select transistor. 
When reading the voltage state of one ?oating gate, the 

steering gate over the ?oating gate being read has a voltage 
VM applied to it and the steering gate over the other ?oating 
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gate is raised to VBR, as shown in lines (3) and (4) of the 
table of FIG. 5. The voltage VBR is made to be high enough 
(e.g., 8 volts) to render the cell’s channel portion under the 
non-selected ?oating gate su?iciently conductive, no matter 
What the programmed state of the non-selected ?oating gate. 
To read the state of the selected ?oating gate, the voltage VM 
is stepped through multiple voltages (described beloW) 
during the reading step, and its value When the cell current 
passes through a de?ned threshold is detected by the sense 
ampli?ers Within circuit 13. 

Example voltages for programming one ?oating gate of a 
dual ?oating gate cell are given in lines (5) and (6) of the 
table of FIG. 5. In order to select the cell for operation, the 
select gate is raised su?iciently to turn on the cell’s select 
transistor. The voltage VSP may be different from the voltage 
VSR used during reading in order to optimiZe the source side 
injection programming speed. An example is VSP:2.2 volts 
When the threshold of the select transistor is one volt. The bit 
line diffusion on the same side of the cell as the ?oating gate 
selected to be programmed is raised to a maximum bit line 
voltage (e.g., 5 volts) during the programming operation. 
This voltage is made high enough to enable a su?icient ?eld 
to be built up across the gap betWeen the ?oating and select 
gate channels to obtain source side hot electron program 
ming. The bit line di?‘usion on the same side of the cell as 
the non-selected ?oating gate is biased at or near Zero volts 
during programming. 

The steering gate over the non-selected ?oating gate is 
raised to a voltage VBP that is su?icient to render the channel 
region under the non-selected ?oating gate su?iciently con 
ductive (e.g. VBPI8 volts) in order to pose no interference to 
programming of the target ?oating gate, regardless of What 
?oating gate voltage exists on the non-selected ?oating gate, 
Within a programming WindoW range of ?oating gate volt 
ages. A voltage VP is applied to the steering gate over the 
selected ?oating gate With a level that drives the selected 
?oating gate to a voltage that assists in creating the desired 
?eld conditions in the channel beloW it for hot electron 
programming. For example, the voltage VP can be Within the 
range of 5*l2 volts. This voltage may vary during the 
programming operation. Typically, the appropriate set of 
programming voltages is ?rst applied to an erased cell, 
folloWed by the appropriate set of reading voltages, and, if 
the reading step does not indicate that the selected ?oating 
gate has been programmed to the desired voltage state, 
Which may be the programming state for binary storage or 
one of the variable storage states for multi-level storage, 
programming voltages are again applied Which may in part 
be different from the earlier set. 

Line (7) of the table of FIG. 5 shoWs voltages that are 
applied to those cells Within a roW selected for programming 
that are themselves not to be programmed. For example, the 
number of cells programmed at the same time Within one 
roW of a segmented portion of an array are spaced alternately 
along the roW With other cells in betWeen them that are not 
being programmed. It is these other cells not being pro 
grammed that receive the voltages of line (7) of the table of 
FIG. 5. The opposing bit line di?‘usions are maintained at the 
same voltage in order to prevent any current from ?oWing in 
the channel (e.g., both at Zero or both at 5 volts). As With the 
notation used in line (1), the “x” indicates that the voltages 
on the steering gates of these cells are a don’t care. 

In the case of memory arrays designed to be erased to the 
substrate, erase voltage conditions of line (8) are applied 
instead of those of line (2). Both the p-Well containing a 
block of cells to be erased and its surrounding n-Well are 
raised to the erase voltage VE, Within an example range of 
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1(L25 volts (eg 20 volts preferred). During reading and 
programming such cells, their Wells are held at ground 
potential. A positive voltage VSE is preferably applied to the 
select gates during erase in order to reduce the voltage 
applied across the select gate dielectric, since an excessive 
voltage differential betWeen the substrate and select gate can 
damage the dielectric material or cause it to be made thicker 
than otherWise desirable for operation of the cells. Since 
such a voltage is partially coupled from the select gates to 
the adjoining ?oating gates sought to be erased, it cannot be 
too high or else the voltage differential betWeen the ?oating 
gates and the substrate channel, Which is made high to effect 
the erase, is reduced too far. An example range of VSE is 
3*l2 volts, depending upon the level of VE. VSEIIO volts is 
preferred When VE:20 volts. 
The values provided in FIG. 5 are one set of examples. 

Those skilled in the art Will be able to use other suitable 
values and methodologies for operating the memory system. 

IV. Tracking Cells 
As described above, the ?oating gates can store multiple 

levels or ranges of charge, therefore, providing for multiple 
states. In one example, a ?oating gate stores eight target 
ranges of charge; therefore, providing for eight states. Such 
?oating gate stores three bits of data. FIG. 6 graphically 
depicts an exemplar state space for a ?oating gate that can 
store eight states. FIG. 6 shoWs eight physical states: P0, P1, 
P2, P3, P4, P5, P6 and P7. For example purposes, the 
vertical axis in FIG. 6 is for threshold voltage in millivolts. 
HoWever, depending on the implementation, other units may 
be used. For each of the physical states, FIG. 6 shoWs the 
range or distribution of threshold voltage levels, represented 
by a bell shaped curve. The top (or right most point) of the 
bell curve is typically the center of the state. For example, 
state P1 has the center of the state at 1,000 mV, a loWer 
boundary at 800 mV and an upper boundary at 1,200 mV. 
The areas betWeen the states are knoWn as state-to-state 

threshold margins. There are seven threshold margins, one 
betWeen each of the sets of neighboring states. For example, 
there is a threshold margin betWeen neighboring states P1 
and P2. Note that FIG. 6 shoWs states P1*P7 as being 
positive voltages While P0 includes negative voltages. In 
other embodiments, more or feWer states can be positive or 
negative. In addition, the voltage range from 0 to 4,900 mV 
can be different in various embodiments due to the particular 
characteristics and conditions of the memory array. 
A ?oating gate storing eight states can store three bits 

Worth of data. Thus, there are eight logical states. In one 
embodiment, these logical states are assigned to the physical 
states using a gray code assignment so that if the threshold 
voltage of a ?oating gate erroneously shifts to its neighbor 
ing physical state, only one bit Will be affected. FIG. 7 
provides a table depicting a gray code example assignment 
of the binary data to logical states. In other embodiments, a 
non-gray code assignment can also be used. Each logical 
state is assigned to a physical state. HoWever, the assignment 
of logical states to physical states can be rotated. FIG. 8 is 
a table shoWing eight different rotation schemes for the 
assignment of logical states to physical states. For example, 
in rotation 0, physical state P0 stores logical state L0 (e.g. 
binary data 000), physical state P1 stores logical state L0 
(e.g. binary data 001), etc. In rotation 1, physical P0 stores 
logical state L7 (e.g. binary 100), physical state P1 stores 
logical L0 (e.g. binary data 000), etc. Thus, there are eight 
different rotation schemes that can be used When program 
ming. In one embodiment of the present invention, each time 
a sector is programmed, that sector Will ?rst be erased and 
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then programmed With one of the eight rotation schemes. In 
subsequent program/erase cycles the sector Will be pro 
grammed With a different rotation scheme. In one imple 
mentation, the memory device Will cycle through the rota 
tion states sequentially. In another embodiment, the memory 
device Will randomly (or pseudo-randomly) choose a rota 
tion scheme for each program cycle. Rotating the data, 
promotes the maintaining, over repeated program-erase 
cycling, of uniform stress conditions for all cells in a sector, 
independent of the actual data pattern being programmed 
into the sector. In regard to the rotation of data, note that in 
one embodiment the same post-erase rotation can be propa 
gated to all sectors for a given erase-block since all those 
sectors operate in history-unison. Note also that if intra 
sector Wear leveling is inadequate, some form of forced 
programmed intra-sector Wear leveling may be required (eg 
occasional programming to some force level or logical data 
pattern). 

In one implementation, memory array 11 is broken up into 
sectors. One embodiment of hoW a sector is broken doWn is 
depicted in FIG. 9. The sector includes user data 250 and 
ECC data 252. The sector typically consists of a subset of 
cells on one Word line, capable of storing 512 bytes of user 
data. Other de?nitions of a sector can also be used With the 
present invention. The sector also includes tracking cells 254 
and header information 256 (not directly dictated by the 
user). The header information includes address information, 
bit and/or sector mapping related information and counts of 
the number of Writes to the sector. Other information can 
also be stored in the header. Examples of tracking cells can 
be found in Us. Pat. Nos. 5,172,338, 6,222,762, and 6,538, 
922; all of Which are incorporated herein by reference in 
their entirety. The tracking cells are used to reliably establish 
optimal discrimination points for each of the various states 
of charge in the ?oating gates. In the embodiment depicted 
in FIG. 9, the sector includes 24 tracking cells. The tracking 
cells are grouped into pairs and three pairs are then grouped 
into a set. In one embodiment, each pair includes a pair of 
?oating gates Within the same sector, With ?oating gates as 
described above With respect to FIGS. 24. FIG. 9 shoWs 
four sets of tracking cells: set 260, set 262, set 264 and set 
266. In one embodiment, the sets are redundant copies of the 
same information. 

In one embodiment, the tracking cells only store data in 
either of tWo states. For example, FIG. 9 shoWs each 
tracking cell storing data in physical state P1 or physical 
state P6. In other embodiments, other states can be used. In 
many embodiments, less than all of the states are used. For 
example, FIG. 6 shoWs a memory state space With eight 
states. Thus, the present invention Will use less than eight 
states for the tracking cells. One advantage of using a subset 
of states is that the states that are used (the tracking cell 
states) can be separated With one or more states betWeen 
them. The consideration for selecting states P1 and P6 are 
that they are separated as far as possible in threshold voltage 
level to give the largest baseline While avoiding the tWo end 
states (state P0 and state P7) Which may have different 
threshold voltage distribution statistics because of different 
associated operating conditions or requirements. For 
example, state P0 may folloW statistics of the erase opera 
tion, as opposed to that of data programming. The potential 
for relaxed margins in the case of the most heavily pro 
grammed state (state P7) could result in differences/offsets 
in distribution relative to the intermediate states P14P6. FIG. 
6 illustrates the voltage threshold distributions for the states 
as bell curves. The corresponding tracking cell distributions 
are depicted by the narroWer bell-shaped curves 200 and 
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202. Because of the large threshold voltage delta separating 
states P1 and P6, it Will be highly improbable for a su?icient 
number of tracking cells to be misdetected (interchanging a 
higher threshold voltage range for a loWer and/or vice 
versa), Without the data portion being massively corrupted 
as Well. 

In embodiments With a number of states other than eight, 
the tracking cells may use different states to store data. For 
example, in a device With four states (e.g. P0, P1, P2, P3), 
the tracking cells may store data in states P1 and P3. In an 
embodiment With a device having sixteen states (P0, P1, P2, 
. . . , P14, P15), the tracking cells may store data in states P1 

and P14. Other states can also be used instead of or in 
addition to the states noted above. 

One question that arises is Where should the correspond 
ing tracking cells be placed Within the data stream. Keeping 
them at the tail end eliminates a need to shift them out on an 
ongoing basis, Which potentially saves a small amount of 
time during read but potentially requires shifting out the 
entire sector of data to read the tracking information When 
needed. This also tends to physically bunch up the tracking 
cells in a localiZed area of the sector, making it vulnerable 
to localiZed variation. Physically disbursing the tracking 
cells throughout the sector improves the ability to re?ect 
local variations Within a sector, but is cumbersome to 
manage and use. As With the tail end case, placing the 
tracking cells at the front end Will also tend to physically 
bunch them, and they Will be included in the read pass for 
every read operation, Whether needed or not. HoWever, in 
one embodiment, the tracking cells are also used for encod 
ing the data rotation state. When using the tracking cells to 
encode the data rotation, the tracking cells should be read 
during each read process. Therefore, it makes sense to put 
them at the front of the data stream, as depicted in FIG. 9. 
Note that it is possible to both uniformly disperse these 
tracking cells physically Within the sector While still pro 
viding front end tracking cell reading by architecting the 
array decoding to re?ect such an embodiment. 

Each of the tracking cells stores data in either state P1 or 
P6. That is, the threshold voltage level is placed at either P1 
or P6. When pairing up to adjacent cells (eg in one 
embodiment, adjacent ?oating gates), they are programmed 
so that one of the pair is in state P1 and the other of the pair 
is in state P6. As such, the pair can either have tWo 
orientations: 16 or 61. When the pair is at 16, then the pair 
is considered to be logic 0. When the pair is at 61, the pair 
is considered to be logic 1. Thus, a pair of tracking cells is 
used to form a bit of rotation encoding data (either 0 or 1). 
A set of three pairs forms three bits of rotation encoding data 
suitable for storing an indication of one of eight possible 
rotation schemes. For example, set 260 includes three bits of 
rotation encoding data. The ?rst bit in set 260 is 16, Which 
is logic 0; the second bit in set 260 is 61, Which is logic 1; 
and the third bit in set 260 is 16, Which is logic 0. Therefore, 
set 260 stores the code 010 (decimal value of 2 or rotation 
2). In other embodiments, more or less than eight rotations 
can be used and, therefore, the code identifying the rotation 
scheme can be formed by more than or less than three bits 
(e.g., tWo bits, ?ve bits, etc.) and more than or less than six 
tracking cells and/or ?oating gates. In one implementation, 
the ?oating gates can store 16 levels/ states and 4 (or a 
different number) of rotation bits are used. In one embodi 
ment, each of the sets are redundant of each other. By using 
redundancy, individual errors in the tracking cells can be 
remedied. Thus, sets 262, 264 and 266 all store 010. The 
three bits and six tracking cells Within a particular set are not 
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redundant of each other since all three bits (and associated 
six cells) are needed to identify the code for the rotation 
scheme. 
The three bits stored by each set represents a code 

indicating a particular rotation scheme. As discussed above, 
FIG. 8 depicts the eight various rotation schemes in one 
embodiment of the present invention. FIG. 10 depicts hoW 
the various codes stored Within the sets 260, 262, 264 and 
266 are assigned to each of the rotation states. Thus, a data 
pattern of 161616 corresponds to rotation 0, 161661 corre 
sponds to rotation encoding 1, 166116 corresponds to rota 
tion encoding 2, 166161 corresponds to rotation encoding 3, 
611616 corresponds to rotation encoding 4, 611661 corre 
sponds to rotation encoding 5, 616116 corresponds to rota 
tion encoding 6 and 616161 corresponds to rotation encod 
ing 7. 

FIG. 11 is a ?owchart describing the process for program 
ming the cells of a sector, including programming the 
tracking cells. The technology for programming an indi 
vidual cell has been described above. FIG. 11 is a device 
level process. In step 342, user data is received. That is, the 
controller Will receive data from a host system. In another 
instance, data to be Written can be internally sourced, 
dictated by internal needs such as scrubbing, Wear leveling 
or garbage collection. In step 344, the controller determines 
the rotation scheme to use. As discussed above, rotation 
schemes can be chosen sequentially, randomly, pseudo 
randomly or by any other suitable scheme. In step 346, the 
appropriate physical states associated With the selected 
rotation scheme are determined for each of the tracking 
cells. That is, based on the rotation code (see FIG. 10), the 
appropriate data pattern is assigned to the sets of tracking 
cells. In one embodiment, the tracking cells are not rotated. 
In step 348, the controller determines the physical state for 
each data value to be programmed. That is, using the table 
of FIG. 8, each of the logical states for each data value is 
assigned to a physical state for a particular memory cell. In 
some embodiments, the physical states for the data is 
computed dynamically as the data is being transmitted to 
memory. 

In step 350, a “data load” command is issued by the 
controller. In step 352, address data is provided to the 
appropriate decoders from the controller. In step 354, pro 
gram data is input to the memory array, biasing the Word 
lines and bit lines appropriately, the data and addresses 
having been latched to establish the selected bit lines, Word 
lines and steering gates. In step 356, a “program” command 
is issued by the controller. 

In step 360, a program operation is performed. In many 
embodiments, a programming voltage is divided into many 
pulses. The magnitude of pulses is increased With each pulse 
by a predetermined step siZe. In the periods betWeen the 
pulses, verify operations are carried out. That is, the program 
level of each cell being programmed in parallel is read 
betWeen each programming pulse to determine Whether it is 
at least equal to its data associated verify level. For example, 
if the threshold voltage is being raised to 2.5 volts, then the 
verify process Will determine Whether the threshold voltage 
is at least 2.5 volts. Once it is determined that the threshold 
voltage of a given memory cell has reached or exceeded the 
verify level, the programming voltage is removed from that 
cell terminating further programming. Programming of 
other cells still being Written to in parallel continues until 
they in turn reach their verify levels, Whereupon their 
programming is terminated. 

In step 358 of FIG. 11, the programming voltage (V pgm) 
is initialiZed to the starting pulse condition and a program 
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counter PC is initialiZed at 0. In step 360, the ?rst Vpgm 
pulse is applied. In step 362, the threshold levels of the 
selected memory cells are veri?ed. If it is detected that the 
target threshold voltage of a selected cell has reached its 
appropriate level, as determined by its associated data, then 
further programming for that cell is further inhibited. If it is 
determined that the threshold voltage has not reached the 
appropriate level, then programming of that cell Will not be 
inhibited. Thus, if the all-verify status (step 364) indicates 
that all cells have reached their appropriate threshold level, 
then a status of pass Will be reported in step 366. If all cells 
have not been veri?ed to reach the appropriate threshold 
voltages, then in step 368 the program counter is checked 
against the program limit value. One example of a program 
limit value is 20. If the program counter is not less than 20, 
then the program process has failed and the status of “FAIL” 
is reported in step 370. If the program counter is less than 20, 
then the program voltage level is increased by the step siZe 
and the program counter is incremented in step 372. After 
step 372, the process loops back to step 360 to apply the next 
programming voltage pulse. 
Once programmed, memory cells of array 11 can be read 

according to the process of FIG. 12. In step 400, the read 
operation begins With normal compare points. A compare 
point is a voltage threshold level that is typically set midWay 
betWeen tWo voltage threshold states and is used to distin 
guish betWeen the states above and beloW that level. For 
example, FIG. 6 shoWs compare points as heavily shaded 
gray lines at 700 mV; 1,300 mV; 1,900 mV; 2,500 mV; 3,100 
mV; 3,700 mV and 4,300 mV. In addition, there is an option 
to specify Whether to force a multi-bit correction attempt 
When the data quality is loW after tracking cell processing, 
as Will be described in more detail beloW. This option can be 
speci?ed by the host, by the controller or preprogrammed 
into the memory system. 

In step 402 of FIG. 12, the local address is determined. 
That is, the controller received or accessed a logical address 
(or addresses) for data to be read. These addresses are 
converted to physical addresses in the particular memory 
array or arrays. In step 404, the boolean variable Tracking 
Done is set to False. In step 418, the tracking cells are read. 
More information about reading tracking cells Will be 
described beloW. In step 420, the rotation scheme is com 
puted and in step 422 an associated quality gauge is deter 
mined (or updated). More information about computing 
rotation and determining/updating the quality gauge Will be 
discussed beloW. In step 424, it is determined Whether the 
data is high quality or loW quality based on the quality gauge 
(described beloW). If the quality gauge indicates loW quality 
data, then the process proceeds to step 470 (discussed 
beloW). If the quality gauge indicates high quality data, then 
in step 426 the user data and the error correction codes are 
read using the computed rotation to establish the logical data 
from that Which has been read physically. That is, the user 
data is decoded according to the rotation scheme determined 
in step 420. According to standard methods knoWn in the art, 
the controller generates ECC syndromes for the data read 
process. In step 428, these ECC syndromes are analyZed to 
determine Whether there are any errors in the data. If the 
ECC does not ?nd any errors (step 430), then the read 
process is done and is successful. The data read is reported 
back to the host from the controller, if the request Was from 
the host. If the ECC process determines that an error exists 
(step 430), then in step 440 the controller attempts a single 
bit correction process. That is, using methods knoWn to 
those skilled in the art, ECC is used to correct a single bit of 
data that is in error. If the single bit correction process is 
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successful (step 442), then the corrected data is optionally 
(as set by an option bit) queued for rewrite (step 444). The 
read process is then considered a success, the data is 
reported back to the host (as needed) and the corrected data 
is optionally re-Written to the memory array. Note that the 
use of ECC With reading data is Well knoWn in the art. The 
present invention Will Work With many ECC schemes knoWn 
in the art. 

If the single bit correction process is not successful (eg 
because there are multiple errors), then it is determined 
Whether tracking cell processing has been done by testing 
the boolean variable TrackingDone in step 450. If the 
variable TrackingDone is set to True (that means that 
tracking cell processing has been completed), then the 
process attempts a multi-bit correction process in step 452. 
The present invention Will Work With multi-bit correction 
processes knoWn in the art. If the multiple bit correction 
technique is successful (step 454), then the corrected data is 
queued for re-Write, the read process is considered success 
ful and the data read (and corrected) is returned to the host 
(as needed). If the multi-bit correction process is not suc 
cessful (step 454), then the read process is considered a 
failure and treated accordingly (eg if the host is expecting 
this data, then the host receives an error message). 

If in step 450, it is determined that tracking cell process 
ing Was not done (because the boolean variable Tracking 
Done Was set at False), then the controller Will perform 
tracking cell processing in step 460. Tracking cell process 
ing includes processing the tracking cells to determine a neW 
set of compare points. More information about step 460 Will 
be described beloW With respect to FIG. 15. In step 462, the 
existing compare points Will be adjusted based on the results 
of step 460 and the Boolean variable TrackingDone Will be 
set to True in step 464. After step 464, the process loops back 
to step 418 and the system attempts to read the tracking cells 
and data cells again using the neW compare points. Note that 
the neW compare points can be used temporarily or perma 
nently. Additionally, the neW compare points can be used for 
the current sector under consideration only, or for the current 
sector as Well as other sectors. For example, in one embodi 
ment, if a set of sectors are treated as a group (eg a ?le) and 
if one sector’s compare points are adjusted, then the com 
pare points for all of the sectors in the group Will be adjusted. 

If the quality gauge indicates loW quality data in step 424, 
then the process proceeds to step 470. In step 470, it is 
determined Whether tracking cell processing has been done 
by testing the boolean variable TrackingDone. If Tracking 
Done is set to True, then the read process fails. If Track 
ingDone is set to False, then tracking cell processing is 
performed in step 460. Additionally, at step 470, a variable 
can be set to force the process to perform multi-but correc 
tion in step 452. 

Step 418 of FIG. 12 includes reading the tracking cells. To 
do so, the voltage level on the appropriate steering gate is 
stepped through the seven compare points, as described With 
respect to FIG. 6, so that seven read operations are per 
formed. In each read operation, the voltage of the steering 
gate is stepped to a different level so that the tracking cell is 
tested at each of the compare points. At each compare point 
it is determined Whether the particular tracking cell turned 
on or remained off. That is, Whether current ?oWed or did not 
How. At the end of the seven read operations, the data from 
the read operations is shifted to the controller. The controller 
then transforms that data according to the table of FIG. 13. 
The table in FIG. 13 indicates What state a particular 
memory cell is in based on data from each of the seven read 
operations. For example, if the memory cell turned on for all 
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seven read operations, then the memory cell is in physical 
state P0. If the memory cell Was off during the ?rst pass and 
on during the remaining six read operations, then the 
memory cell is in state P1. If the memory cell Was off during 
the ?rst tWo read operations and on during the remaining 
read operations, then the memory cell is in state P2, and so 
on. As anticipated, When no error exists, each tracking cell 
is found either data states P1 or P6, as originally Written. In 
other embodiments, other states can be used. Note that the 
read process described above uses voltage sense; hoWever, 
it is understood that a current sense or other methods of 
reading (or sensing) are also Within the scope of the inven 
tion. 

FIG. 14 is ?owchart describing one embodiment of a 
process for computing the rotation scheme (step 420 of FIG. 
12). In step 520, the controller accesses data from a pair of 
tracking cells (in one embodiment, a pair of ?oating gatesi 
eg see FIGS. 3*4). In step 522, its is determined Whether 
one of the pair of tracking cells is in state P1 and the other 
of the pair of tracking cells is in state P6. If so, then the bit 
for those tWo tracking cells is set appropriately in step 524, 
as described With respect to FIG. 10. That is, if the ?rst 
tracking cell is in P1 and the second tracking cell is in P6, 
then the corresponding rotation bit is set to 0. Alternatively, 
if the ?rst is in P6 and the second is in P1, then the rotation 
bit is set to logic 1. In step 526, it is determined Whether 
there are any more pairs of cells to process. If there are more 
pairs to process, then the method loops back to step 520. 
Note that in one embodiment, When making the determina 
tion that the cells are in states P1 and P6 (see step 5522), the 
system may accept states other than state P1 or state P6. For 
example, states P0, P1, P2 and P3 (or a subset of those 
states) may be treated as states P1 and states P4, P5, P6 and 
P7 (or a subset of those states) may be treated as states P6. 

If in step 522 it is determined that the pair of cells does 
not have one cell in state P1 and the other cell in state P6, 
then in step 530 it is determined Whether the tWo cells are in 
different states. If the tWo cells are in the same state, then 
there is an error that is recorded in step 532. Step 532 could 
include adding data to a progressive error measure after 
storing speci?c data for this particular comparison. The data 
stored in step 532 is used for the quality gauge. If the tWo 
cells are in different states, then in step 534, the controller 
assigns the cell With the loWer threshold voltage to be in 
state P1 (step 534) and assigns the cell With the higher 
threshold voltage to be in state P6 (step 536). In step 538, the 
error is recorded and operation returns to step 524. Step 538 
could include a recording of the number of cells that are not 
in states P1 or P6 and/or the delta that these particular cells 
deviated from state P1 and/or P6. 
When there are no more pairs to process (step 526), then 

the system at that point Will have processed 12 pairs and, 
thus, Will have 12 bits of data. The 12 bits of data are 
grouped into four sets of data organiZed as depicted in FIG. 
9. In step 550, the rotation for each set is determined by 
comparing the three bits to the table of FIG. 10. A rotation 
is separately determined for each set. The sets are then 
compared against each other. If all four sets have the same 
rotation code (step 552), then that rotation code is stored in 
step 554. If the four sets do not agree, then the dispute is 
resolved in step 556 and the resolved rotation code is then 
stored in step 554, after the error information is stored in step 
558. 

There are many Ways to resolve the dispute. One Way is 
to vote, Where the majority Wins. For example, if three out 
of four sets determined that the code Was one particular 
value and the fourth set determined a different particular 


















